Abstract: Traffic noise is a combination of noises produced from a number of sources. Of all the traffic noise sources, tire-pavement noise, which is emitted as a result of the interaction of rolling, slipping, or dragging tires and the pavement surface, is the dominant contributor of overall noise, particularly when vehicles are moving at higher speeds. Therefore, a number of research studies have been conducted to identify and analyze the factors affecting the generation of tire-pavement interaction noise. This helps in identifying and selecting appropriate noise mitigation techniques. In this paper, an extensive literature survey on the factors affecting tire-pavement noise is presented, and different views on the impact of each individual factor are discussed. From the literature survey, it is also evident that there is a potential correlation between pavement's material characteristics and tire-pavement noise. A comprehensive discussion about this correlation is presented in the paper. In addition, this paper discusses various mathematical models for predicting pavement noise, and their advantages and shortcomings.
Introduction
In today's world, a large portion of people and commercial goods are being transported over the highway networks, especially for inter-country transportation. This is because the transportation network improved markedly in recent time. Furthermore, it is also less expensive compared to the other modes of transportation. As a result of these transportation activities, the number of vehicles increases hence noise from highway traffic also increases. Therefore, it possesses a serious environmental problem not only to the road users (i.e., drivers and passengers) but also to the people and animals living near the highways. In addition to annoyance, it possesses a serious threat to human health [1] . Noise coming from the highway traffic can be classified into three general categories: (1) the power unit noise (engine, fan, exhaust, transmission, etc.); (2) the aerodynamic noise, which is related to the turbulent airflow around the vehicle; and (3) the tire-pavement noise. The power unit noise dominates the roadside noise levels at low speeds. As speed increases, a crossover speed (the practical threshold above which quieter pavements will be most helpful) is reached, and beyond this point, the tire-pavement interaction noise becomes the dominant source [2] [3] [4] . Only at high speeds, aerodynamic sources will begin to dominate. Figure 1 adopted from the Little Book of Quieter Pavements [2] shows the effect of speed on vehicle noise sources and the crossover speed. Further study by Donavan and Rymer [5] quantified the contribution of noise generation from specific sources, as shown in Figure 2 . They presented that about 78% of the noise generated is due to tire-pavement interaction, whereas 12% and 10% of the noise is contributed from the power train and aerodynamic system, respectively, at speeds of 100 to 110 km/h (62 to 68 m/h). However, it is important to note that due to advances made in the car industry, manufacturers have developed quieter exhaust and engines as well as a more efficient aerodynamic system to reduce the vehicle noise. Similarly, tire manufacturers are also producing tires that generate lower tire-pavement interaction noise. Therefore, the so-called crossover speed is decreasing. Hence, the study of tire-pavement noise is becoming imperative. Further study by Donavan and Rymer [5] quantified the contribution of noise generation from specific sources, as shown in Figure 2 . They presented that about 78% of the noise generated is due to tire-pavement interaction, whereas 12% and 10% of the noise is contributed from the power train and aerodynamic system, respectively, at speeds of 100 to 110 km/h (62 to 68 m/h). However, it is important to note that due to advances made in the car industry, manufacturers have developed quieter exhaust and engines as well as a more efficient aerodynamic system to reduce the vehicle noise. Similarly, tire manufacturers are also producing tires that generate lower tire-pavement interaction noise. Therefore, the so-called crossover speed is decreasing. Hence, the study of tire-pavement noise is becoming imperative. Noise contribution from the different source at the function of speed [5] .
Over the years, many researchers have studied the factors affecting the tire-pavement interaction noise by using laboratory and field testing techniques. An extensive literature survey was carried out to collect findings from previous research. This paper summarizes the current state of knowledge on the factors affecting tire-pavement noise and different noise modeling approaches for predicting traffic noise.
Factors Affecting Tire-Pavement Noise
Generation and propagation of tire-pavement interaction noise is affected by a number of factors. Therefore, it is important to understand how the various factors influence the noise [5] .
for porous pavements. However, a quite small noise level reduction was observed for concrete pavements. Furthermore, this study also indicated that the influence of temperature on tire-pavement noise is dependent on the frequency of noise. Rochat [17] investigated the relationship between sound level and air temperature for data sets collected for three studies: (1) the Arizona Department of Transportation (ADOT) Quiet Pavement Pilot Program (AZ QPPP) [18] ; (2) the California Department of Transportation (Caltrans) Thin Lift Study [12] ; and (3) the Federal Highway Administration (FHWA) Traffic Noise Model Pavement Effects Implementation Study (TNM PEI) [19] . All data sets were collected using wayside measurement techniques. Test results indicated effect of temperature on sound level can be affected by both vehicle type and pavement type. In general, sound levels slightly decrease as the temperatures increase for majority of data sets. However, there are some data sets that indicated slight increase in sound levels as the temperatures increase. The effect of temperature on sound level is more noticeable for a PCC surface followed by dense graded asphalt concrete (DGAC) and open-graded asphalt concrete (OGAC) surfaces with an exception for heavy trucks in the OGAC category which actually showed an increase in sound level with increase in temperature. This is contrary to research findings from other European studies, which showed the temperature effect is more prominent for DGAC surfaces than PCC surfaces [4, 20, 21] . Rochat [17] described that the PCC surfaces used in these studies were textured with longitudinally tined and diamond ground PCC and transversely tined PCC; it is possible that the higher temperature effects seen with PCC in these studies can be attributed to some of the rougher textures on these pavements. This is because studies [4, 21] reported that rough-textured pavement surfaces show a large effect from temperature compare to smooth-textured surfaces. Donavan and Lodico [8] also reported a clear downward trend between temperature and noise level for a Dunlop tire. In this study, the OBSI testing method was used for noise measurements and an average 1 dBA decrease of noise level with every 10˝C increase of air temperature was reported for both HMA and PCC surface types. It is to be noted that Dunlop tire is not standard reference test tire [22] . For the standard reference test tire [22] , the trend was not prominent but still showed a downward trend with increasing temperature for both types of surfaces. Some recent studies [23] [24] [25] [26] also demonstrated a decrease in noise levels as temperature increases. This finding of decreasing noise levels with increasing temperature is consistent and reasonable with the results reported by earlier studies.
Aging of Pavement Surface
Acoustical performance of pavements may change with pavement age due to traffic and environmental effects. This has been substantially documented in various studies [2, 4, 6, 12, 23, 25, [27] [28] [29] [30] [31] . Nevertheless, researchers [2, 4] suggested a long term monitoring of pavements is required to improve the knowledge in the field. Kephalopoulos et al. [31] demonstrated that porous pavements with a low noise level had shorter acoustic lifetimes compared to dense pavement surfaces, especially for asphalt surfaces. Trevino and Dossey [32] showed that porous pavements get louder with time. Researchers hypothesized that the voids at the surface get clogged with dirt over time, and this could be the cause of the increasing sound level. The authors recommended further research of repeating the noise measurements over a long period of time in order to validate their hypothesis. Bennert et al. [6] also examined the correlation between noise level and pavement aging and concluded that noise levels increase with increasing age for the surfaces having same nominal aggregate size. Similar results were also derived in an earlier study by Nicholls [33] , which demonstrated acoustic performance of pavement deteriorating with time. Arizona Department of Transportation (ADOT) used asphalt rubberized friction course (ARFC) overlaying on a PCC surface to reduce noise [34] . They collected noise data using a NCAT CPX trailer and reported that acoustical performance of an ARFC overlaying surface decreases with age. Another study conducted by ADOT [35] used both OBSI and wayside noise measurement system to identify the acoustic longevity of ARFC surface. Test data indicated that noise level increases for about 0.7 dB per year for this ARFC surface. Recently, Tehrani [36] summarized from a number of research articles that noise benefit of ARFC surface decreases with age. This is the main reason for the Federal Highway Administration's (FHWA) reluctance to accept surface type as a noise abatement option, because acoustical benefits of these low noise surfaces diminished with time.
In order to evaluate the long-term performance of OGAC, Illingworth & Rodkin, Inc. [37] (funded by Caltrans) performed noise testing for 12 years on a high volume, multi-lane portion of Interstate 80 near Davis, California. The continuous flow traffic time integrated method (CTIM) was used for pass-by noise measurements, whereas the OBSI method was used for tire-pavement interaction noise measurements. CTIM test data showed that a slight increase (~1 1 2 dBA) in noise levels after 10 years. However, over 12 years, traffic noise levels for the OGAC overlay using the CTIM method increased by about 3 dBA (as shown in Figure 3 ). They reported that this rapid increase in noise level (~1 1 2 dBA) over the last two-year period is due to pavement raveling. A similar trend was also observed with OBSI test data in which noise level increased for 2 dBA for the first 10 years and then increased about another 2 dBA in the last two years (as shown in Figure 4 ). In order to evaluate the long-term performance of OGAC, Illingworth & Rodkin, Inc. [37] (funded by Caltrans) performed noise testing for 12 years on a high volume, multi-lane portion of Interstate 80 near Davis, California. The continuous flow traffic time integrated method (CTIM) was used for pass-by noise measurements, whereas the OBSI method was used for tire-pavement interaction noise measurements. CTIM test data showed that a slight increase (~1 dBA) in noise levels after 10 years. However, over 12 years, traffic noise levels for the OGAC overlay using the CTIM method increased by about 3 dBA (as shown in Figure 3 ). They reported that this rapid increase in noise level (~1 dBA) over the last two-year period is due to pavement raveling. A similar trend was also observed with OBSI test data in which noise level increased for 2 dBA for the first 10 years and then increased about another 2 dBA in the last two years (as shown in Figure 4 ). In order to evaluate the long-term performance of OGAC, Illingworth & Rodkin, Inc. [37] (funded by Caltrans) performed noise testing for 12 years on a high volume, multi-lane portion of Interstate 80 near Davis, California. The continuous flow traffic time integrated method (CTIM) was used for pass-by noise measurements, whereas the OBSI method was used for tire-pavement interaction noise measurements. CTIM test data showed that a slight increase (~1 dBA) in noise levels after 10 years. However, over 12 years, traffic noise levels for the OGAC overlay using the CTIM method increased by about 3 dBA (as shown in Figure 3 ). They reported that this rapid increase in noise level (~1 dBA) over the last two-year period is due to pavement raveling. A similar trend was also observed with OBSI test data in which noise level increased for 2 dBA for the first 10 years and then increased about another 2 dBA in the last two years (as shown in Figure 4 ). Hanson and Waller [38] conducted comprehensive noise testing on both HMA and PCC pavement surfaces in the state of Colorado by using the NCAT CPX trailer. After three years of data collection, it was reported that noise levels of the tested pavement increased slowly with age. This is in line with the earlier studies by Hanson et al. [39] and Sandberg [40] which indicated that noise might increase by some level when the pavement is aged. More profound evidence of increasing noise level with time has been reported by Rasmussen and Sohaney [41] , who performed OBSI noise testing on 34 pavement sections, which are currently used by Colorado department of transportation (CDOT). They indicated an average 0.2 dBA increase of noise level per year without considering traffic volume and its associated wear on pavement. This finding is further validated by number of recent studies [26, 42] .
Maximum Aggregate Size and Gradation
Numerous research studies have been conducted to isolate the influence of maximum aggregate size on noise mitigation when dealing with highway traffic noise. Kowalski [43] used a laboratory testing apparatus called the tire-pavement testing apparatus (TPTA) to evaluate the effect of aggregate size on noise properties of asphalt pavements. The TPTA has a fixed drum rotating on a fixed circular plate that has a diameter of 4.1 m. The test specimen is about 1/6th of the circumference. This apparatus has two main limitations. First, the maximum speed of the rotating wheel is 48 km/h. The speed is less than the typical speed of highway traffic, due to a few technical problems such as the large centrifugal forces created at the arm. Second, preparation of the laboratory test specimen is a complicated process. The laboratory experiments were only partially successful due to the difficulties in compacting asphalt mixtures such as PFC (porous friction course) mixtures in the convex mold used in the experiment. The near field noise measurements were used to measure the noise on the TPTA. In general, the results showed that the mixtures with 19 mm nominal maximum aggregate size (NMAS) have a higher noise level compared to 9.5 mm NMAS mixtures. The European Asphalt Pavement Association [29] summarized the test data of Laboratoire Régional des Ponts et Chaussée in France [44] and reported that a difference of more than 10 dBA was observed between fine grained porous surfaces and porous surfaces with a large maximum aggregate size. Furthermore, these data indicated that a larger maximum aggregate size is generally associated with higher noise levels. The same trend was observed for all types of surfaces, i.e., asphalt surface, concrete surface with different types of slurry seal or surface dressing. Donavan [45] summarized test data from four European Countries and reported about 7 dBA increasing of sound intensity level for coarse graded DGA surface in comparison with fine grained DGA surface, as shown in Figure 5 . Similar trends also followed for SMA surface as shown in Figure 6 . Hanson and Waller [38] conducted comprehensive noise testing on both HMA and PCC pavement surfaces in the state of Colorado by using the NCAT CPX trailer. After three years of data collection, it was reported that noise levels of the tested pavement increased slowly with age. This is in line with the earlier studies by Hanson et al. [39] and Sandberg [40] which indicated that noise might increase by some level when the pavement is aged. More profound evidence of increasing noise level with time has been reported by Rasmussen and Sohaney [41] , who performed OBSI noise testing on 34 pavement sections, which are currently used by Colorado department of transportation (CDOT). They indicated an average 0.2 dBA increase of noise level per year without considering traffic volume and its associated wear on pavement. This finding is further validated by number of recent studies [26, 42] .
Numerous research studies have been conducted to isolate the influence of maximum aggregate size on noise mitigation when dealing with highway traffic noise. Kowalski [43] used a laboratory testing apparatus called the tire-pavement testing apparatus (TPTA) to evaluate the effect of aggregate size on noise properties of asphalt pavements. The TPTA has a fixed drum rotating on a fixed circular plate that has a diameter of 4.1 m. The test specimen is about 1/6th of the circumference. This apparatus has two main limitations. First, the maximum speed of the rotating wheel is 48 km/h. The speed is less than the typical speed of highway traffic, due to a few technical problems such as the large centrifugal forces created at the arm. Second, preparation of the laboratory test specimen is a complicated process. The laboratory experiments were only partially successful due to the difficulties in compacting asphalt mixtures such as PFC (porous friction course) mixtures in the convex mold used in the experiment. The near field noise measurements were used to measure the noise on the TPTA. In general, the results showed that the mixtures with 19 mm nominal maximum aggregate size (NMAS) have a higher noise level compared to 9.5 mm NMAS mixtures. The European Asphalt Pavement Association [29] summarized the test data of Laboratoire Régional des Ponts et Chaussée in France [44] and reported that a difference of more than 10 dBA was observed between fine grained porous surfaces and porous surfaces with a large maximum aggregate size. Furthermore, these data indicated that a larger maximum aggregate size is generally associated with higher noise levels. The same trend was observed for all types of surfaces, i.e., asphalt surface, concrete surface with different types of slurry seal or surface dressing. Donavan [45] summarized test data from four European Countries and reported about 7 dBA increasing of sound intensity level for coarse graded DGA surface in comparison with fine grained DGA surface, as shown in Figure 5 . Similar trends also followed for SMA surface as shown in Figure 6 . Timm et al. [46] also observed lower levels of tire-pavement noise for fine graded pavement surfaces in comparison with those with coarse graded surface. Sousa et al. [47] demonstrated that a tire will be exposed to less deformation for smaller aggregate sizes, thus the air entrapped between the tire and pavement will face less squeezing resulting in less pressure change and thus generate less noise. An earlier study conducted by Meiarashi et al. [48] also observed noise reduction in drainage asphalt roads with decreasing aggregate nominal size. Significant noise reduction was noted when they changed the maximum aggregate size from 13.0 mm to 10.0 mm. The same study also concluded that the diameter of the aggregate plays a critical role in the reduction of traffic noise. Many studies [4, 6, 39, 49, 50] also suggested that one of the conditions to a low noise pavement is having a smooth surface using small aggregate maximum size.
A number of publications indicated [4, 49] that the pavement surface texture (microtexture and macrotexture) is affected by the aggregate maximum size, and that the latter has an effect on noise mitigation.
Hanson et al. [39] conducted a study to understand the influence of aggregate gradation on tire-pavement noise by using the NCAT CPX trailer. Researchers found that the open-graded asphalt mixtures with coarse aggregate gradation produce more noise than those of dense-graded asphalt mixtures. The open-graded asphalt mixture with finer aggregate gradation was the quietest pavement among those evaluated in the study. This is further validated by Hanson and Waller [38] who performed noise testing on 12 HMA surfaces in the state of Colorado. A similar CPX testing method was used for the noise measurements, and test data indicated that coarser gradation produces higher noise. Sandberg and Ejsmont [4] stated that fineness modulus, which is generally used for design of cement concrete, can be used as an indicator of gradation. Therefore, a higher fineness modulus represents a coarser aggregate mixture, which produces more noise [4, 39] .
Air Void Content
Hanson and Waller [38] reported that sound absorption increased with increasing air void content for open-graded friction course (OGFC) surfaces. However, for DGA surfaces, a small correlation exists between air void content and noise level. Ongel et al. [51] observed that a typical porous asphalt surface (air void content 10% to 20%) generates up to 4.5 dBA less noise compared to a dense HMA surface. The same conclusion is drawn by a number of other research studies [4, 5, 29, 38, 39, 52, 53] . Researchers explained that noise is reduced for higher air void content due to two mechanisms. Firstly, the air trapped between the tire and the pavement surface moves to void Timm et al. [46] also observed lower levels of tire-pavement noise for fine graded pavement surfaces in comparison with those with coarse graded surface. Sousa et al. [47] demonstrated that a tire will be exposed to less deformation for smaller aggregate sizes, thus the air entrapped between the tire and pavement will face less squeezing resulting in less pressure change and thus generate less noise. An earlier study conducted by Meiarashi et al. [48] also observed noise reduction in drainage asphalt roads with decreasing aggregate nominal size. Significant noise reduction was noted when they changed the maximum aggregate size from 13.0 mm to 10.0 mm. The same study also concluded that the diameter of the aggregate plays a critical role in the reduction of traffic noise. Many studies [4, 6, 39, 49, 50] also suggested that one of the conditions to a low noise pavement is having a smooth surface using small aggregate maximum size.
Hanson and Waller [38] reported that sound absorption increased with increasing air void content for open-graded friction course (OGFC) surfaces. However, for DGA surfaces, a small correlation exists between air void content and noise level. Ongel et al. [51] observed that a typical porous asphalt surface (air void content 10% to 20%) generates up to 4.5 dBA less noise compared to a dense HMA surface. The same conclusion is drawn by a number of other research studies [4, 5, 29, 38, 39, 52, 53] .
Researchers explained that noise is reduced for higher air void content due to two mechanisms. Firstly, the air trapped between the tire and the pavement surface moves to void space available within the porous surface, which in turn reduces the horn effect of noise amplification. Secondly, it provides increased sound absorption capability, which in turn reduces noise [4, 39] . However, there is always a concern that the surface of these high porosity surfaces is often exposed to clogging with dirt. The process of clogging accelerated on the road of less important. At lower vehicle speeds, the pores of the surface are consistently filled up by fine particles due to passing wheel. This is because there are no adequate facilities to cleaning the surface. This reduces noise benefit of these surfaces. To avoid these problems, European researchers recommended using two layer systems [54] .
Surface Type
Pavement surface type plays an important role in how it generates noise at the tire-pavement contact point [4, 41, 45, [55] [56] [57] [58] [59] [60] . Meiarashi et al. [48] measured noise levels for both porous and dense asphalt surfaces for various types of vehicle. They observed that noise levels reduced for porous asphalt surface 1.0 to 7.0 dBA for cars, 3.0 to 4.0 dBA for light trucks, and 4.0 to 6.0 dBA for heavy trucks in comparison with the dense asphalt surface. Some research studies [6, 61] indicated that the addition of crumb rubber could increase the sound absorption capacity, which in turn reduces noise. However, Shatanawi [62] reported crumb rubber does not directly affect sound absorption but changes its mixture properties such as permeability and, binder content which have effect on pavement noise. Sousa et al. [47] also reported that asphalt rubberized OGFC is the quietest surface. A number of recent studies [36, [63] [64] [65] [66] showed that OGFC produce less noise compared to conventional HMA and PCC surface. Of them, Tehrani [36] concluded from a number of research projects that addition of rubber decreases noise level about 2 to 3 dBA compared to HMA surface and 4.5 to 6 dBA compared to PCC surface. Researcher argued that addition of rubber to pavement mix tends to shift the frequency of noise to the lower frequency, which is close to tire noise. Therefore, rubber does not resonate at high frequency thus limits the amplification of noise mechanism which in turn reduces noise.
Bennert et al. [6] evaluated acoustic performances of both asphalt and concrete surfaces using the CPX method. The asphalt pavement included different mixtures, and the concrete pavements had different surface treatments. The results showed that the open-graded asphalt mixtures, especially the ones modified with crumb rubber, had a low noise level compared to dense-graded mixtures. The concrete transverse tined surfaces had the loudest noise levels, while diamond grinding pavement surfaces had the lowest noise levels. The concrete diamond-ground surfaces had a noise level comparable to asphalt pavements. It was also concluded from this study that concrete surfaces generated more noise compared to asphalt pavements. Rasmussen and Sohaney [41] conducted a recent study to evaluate the tire-pavement noise and long-term acoustical durability of various pavements in Colorado. The researchers measured the tire-pavement noise using two different techniques: CPX and OBSI. The results showed that each pavement type demonstrated a wide range of noise levels, and there was a strong overlap. In addition, it was not possible to identify a single pavement type that provides the lowest level of tire-pavement noise. The researchers also found that asphalt pavements constructed using crumb rubber had the lowest noise when newly constructed. However, the noise levels of crumb-rubber pavements increased with the time and were comparable to other pavement types evaluated in this study. Rasmussen and Sohaney [41] recommended more investigation of alternative asphalt mixtures and concrete textures that produce low tire-pavement noise.
Parnell and Samuel [67] investigated the noise generation of 20 pavement surfaces, which included both HMA and PCC surfaces in the state of New South Wales, by using a pass-by noise measurement technique. They presented that HMA surfaces produce less noise compared to concrete surfaces. It was explained that noise level of a particular pavement is significantly influenced by the orientation of texture. HMA pavement has a random texture, which is similar in all directions, and can be considered isotropic. PCC pavement with horizontal and transverse tinning has mostly periodic texture, which in turn results in a number of air displacement mechanisms such as air pumping and pipe resonances [4] . Parnell and Samuel [67] also reported that a transverse tinned surface produces higher noise in comparison to other types of concrete surfaces. The difference in noise level between various PCC concrete surfaces is due to the surface texture. Based on the results of many research studies, Sousa et al. [47] also identified that transverse tined concrete as the noisiest surface, while diamond ground concrete pavement was the quietest among concrete pavements. Similar findings were also observed in a New York State Thruway Authority and FHWA Pavement study [23] . Donavan [45] performed a comparative study on European countries PCC surfaces and California/Arizona PCC surface and noise testing was conducted by using OBSI method. Test data showed that diamond ground is the quietest surface while random transverse is noisiest surface as shown in Figure 7 . tinned surface produces higher noise in comparison to other types of concrete surfaces. The difference in noise level between various PCC concrete surfaces is due to the surface texture. Based on the results of many research studies, Sousa et al. [47] also identified that transverse tined concrete as the noisiest surface, while diamond ground concrete pavement was the quietest among concrete pavements. Similar findings were also observed in a New York State Thruway Authority and FHWA Pavement study [23] . Donavan [45] performed a comparative study on European countries PCC surfaces and California/Arizona PCC surface and noise testing was conducted by using OBSI method. Test data showed that diamond ground is the quietest surface while random transverse is noisiest surface as shown in Figure 7 . Izevbekhai [55] performed a large number of OBSI tests on concrete surfaces in the State of Minnesota. Noise testing was conducted on surfaces which included transverse tine, traditional grind, innovative grind, ultimate grind, exposed aggregate, and transverse drag surface. It was found that transverse tine is the noisiest surface, whereas innovative grind is the quietest surface.
Surface Texture
Pavement texture plays an important role in enhancing friction, especially in wet weather conditions. Furthermore, the mechanisms of tire-pavement noise are significantly affected by pavement surface texture. Surface textures change after construction under the actions of traffic, environment and the interaction of the two, referred to as the aging of the textures [68] . A comprehensive study by Bernhard and Wayson [49] showed that negative texture with characteristic length less than 10.0 mm tends to reduce noise. However, texture of other sizes and types tends to increase noise.
At high frequencies (frequencies above 1000 Hz), microtexture (wavelength less than 0.5 mm) has been shown to affect tire-pavement noise [4, 69] . Microtexture may affect high-frequency noise generation mechanisms such as stick-slip and stick-snap by changing the contact conditions between tire and pavement. However, macrotexture (wavelength between 0.5 mm and 50 mm) has been shown to affect OBSI levels in the 630-1000 Hz range [70] [71] [72] . Macrotexture can change the volume of air cavities thus affecting the air pumping and pipe resonance mechanisms. It can also affect the impact, friction, and adhesion mechanisms. Izevbekhai [55] performed a large number of OBSI tests on concrete surfaces in the State of Minnesota. Noise testing was conducted on surfaces which included transverse tine, traditional grind, innovative grind, ultimate grind, exposed aggregate, and transverse drag surface. It was found that transverse tine is the noisiest surface, whereas innovative grind is the quietest surface.
At high frequencies (frequencies above 1000 Hz), microtexture (wavelength less than 0.5 mm) has been shown to affect tire-pavement noise [4, 69] . Microtexture may affect high-frequency noise generation mechanisms such as stick-slip and stick-snap by changing the contact conditions between tire and pavement. However, macrotexture (wavelength between 0.5 mm and 50 mm) has been shown to affect OBSI levels in the 630-1000 Hz range [70] [71] [72] . Macrotexture can change the volume of air cavities thus affecting the air pumping and pipe resonance mechanisms. It can also affect the impact, friction, and adhesion mechanisms. Abo-Quadis [73] performed a series of skid resistance tests by using the British (Pendulum) Skid Resistance Tester (BSRT) and showed that in general, an increase of the microtexture depth causes the tire-pavement noise to decrease. However, a study by Gardziejczyk and Berengier [74] reported increase of traffic noise with increasing macrotexture depth. An early study by Sandberg [40] reported that there is a strong correlation between road noise level and the road texture. However, this correlation can be positive or negative depending on frequency level. He further stated that it is not possible to generalize and say that a rougher texture means a higher A-weighted noise level. At low frequencies, the noise level increases with texture while noise decreases with texture for high frequencies. A similar relationship between noise and texture for asphalt pavement has also been observed by later studies conducted by Hanson et al. [39] and Donavan and Rymer [5] .
Aggregate Type
Aggregate type does not have a direct impact on the development of highway traffic noise, thus very few studies have addressed the issue [4] . Nevertheless, aggregate type has impact on the microtexture of surface which in turn affects traffic noise as discussed in the aforementioned paragraph [75] . Furthermore, Huang et al. [76] suggested that binder produce different thickness of film depending on the aggregate type, which may affect traffic noise.
Thickness of Pavement Surface
A number of research studies [4, 39, 48, 62, 77] suggested using a thick porous pavement to reduce the generation of traffic noise. Rochat and Read [78] suggested that if a porous surface is not thick enough, sound reflects from the underlying non-porous pavement structure and can degrade the sound absorption properties of the pavement. This was in line with the study conducted by Rochat et al. [57] . They performed OBSI noise testing on NCAT test tracks. Noise testing was conducted on two surfaces having similar properties (i.e., aggregate size, percent air void, and pavement type) but different thickness. Test results showed that thicker pavement was 4 dBA lower in sound intensity level then pavement with less thickness. Sandberg and Ejsmont [4] related the thickness of pavement to the air flow resistance if high thickness pavement is desired. Moreover, the thicker pavements perform at higher porosity for a longer time in operation (as compared to thinner layers), because more dirt accumulating in its pores is required before it is clogged.
Stiffness of Pavement Surface
Stiffness of a pavement surface is the one of the main structural design parameters, but its contribution in generating tire-pavement interaction noise is less significant [40] . The general hypothesis is that the influence of various noise generation mechanisms can be minimized by using pavement stiffness similar to the stiffness of the tire [2] . This hypothesis is used on experimental pavements containing epoxy-bound shredded rubber termed Poroelastic surface, which reduced noise significantly. When a rolling tire impacts the pavement surface, the noise generation may amplify or attenuate depending on the stiffness of road [40] . This may imply that concrete pavement is nosier in comparison to a HMA surface because stiffness of concrete pavement is higher than that of the HMA pavement. Sousa et al. [47] compared the data from various studies and showed that stiffness of pavement appears to have an effect in noise generation. However, Descornet [52] reported that effect of stiffness on tire-pavement interaction noise is still a contentious issue.
Effect of Sound Absorption on Tire-Pavement Noise
When a sound wave strikes the surface of a material, some of the acoustic energy is reflected and the rest is converted to heat and absorbed. The human ear generally hears the reflected part of the sound wave (in addition to the direct path between the sound source and the ear). The sound absorption ability of an acoustic material is generally indicated by the absorption coefficient [79] . A few studies have been conducted to evaluate the effect of pavement type and mix design on the absorption coefficients of pavements and the potential correlation with the absorption coefficients with tire-pavement noise [10, 51, 57, 62, [80] [81] [82] [83] [84] . These studies indicated that the absorption coefficient is an important property of a road surface which influences the noise level generated on roads. Ongel et al. [51] measured the absorption coefficients of asphalt cores extracted from different types of pavements using an impedance tube, while the OBSI method was used for noise measurements. It is observed from the compared data that at lower frequencies (frequencies less than 1000 Hz), sound intensity level decreases with increasing absorption values for dense and gap-graded mixes.
However, for open graded mixes, higher absorption values do not necessarily decrease the noise at lower frequencies, because texture of this mix dominated the noise generation. For frequencies above 1000 Hz, tire-pavement noise reduces with higher absorption values for gap-graded mix pavements. The findings of this study were confirmed by another study conducted by Leung et al. [10] . Researchers found that open-graded asphalt mixtures provided the highest amount of sound absorption ability compared to dense-graded and stone matrix asphalt mixtures over a frequency range of 400 Hz to 1000 Hz. This study also recommended additional noise measurements to be collected to evaluate the pavement acoustical performance over time. Nelson et al. [85] measured both the acoustical absorption coefficient and sound intensity level of 140 pavement sections. The sound absorption coefficient was measured by using an impedance tube, whereas the sound intensity levels for the corresponding sections were measured in the field. They summarized that the correlation between sound absorption coefficient and sound intensity level is depended on the frequency of sound for an OGAC surface. For frequencies of 500 Hz, 630 Hz, and 800 Hz, sound intensities are shown to increase with an increase in sound absorption. For 1250 Hz and 1600 Hz, sound intensity levels decrease with increase in sound absorption. Nevertheless, researchers did not find any correlation between sound intensity level and sound absorption at the frequency of 1000 Hz. For dense-graded and gap-graded asphalt surfaces, sound intensity decreases with an increase in sound absorption over all frequency bands.
Rochat and Read [78] suggested effective flow resistivity (EFR) can be used as a measure of sound absorption of pavement. They collected EFR data for a variety of pavements by using a modified version ANSI S1.18 [86] . Data indicated that lower EFR values for the pavements (more absorptive) attributed to the porous and open graded surface whereas higher EFR values are obtained for thick dense pavement (more reflective). This is in line with the reported literature that showed porous pavements being less noisy compared to dense pavements.
Kumar et al. [81] compared sound absorption coefficients of various asphalt and concrete pavements. The researchers used an impedance tube to measure absorption coefficients at different frequencies. It was found that the average sound absorption coefficients for asphalt pavements were 39.13 percent lower (more absorptive) than the ones measured on concrete surfaces. Sachakamol and Dai [87] developed an analytical procedure for predicting the sound absorption coefficients of porous asphalt pavement. The researchers concluded that the porosity has significant influence on the absorption coefficients, while the layer thickness has an insignificant impact on the absorption coefficients. Asphalt mixtures made with rubber materials had improved absorption characteristics over a wide range of frequencies. The model prediction of absorption coefficients had a good match with the measured values in the laboratory. Raimundo et al. [88] examined the absorption coefficients of wet gap-graded asphalt mixtures with different levels of air void content and rubberized asphalt bitumen. Wet samples had lower sound absorption coefficients than samples in dry conditions. In addition, samples with high porosity had higher sound absorption coefficients compared to samples with less porosity.
Effect of Surface Friction on Tire-Pavement Noise
Several aspects of pavement surface characteristics should be considered for proper designing and functioning of pavements. This can be divided broadly into three categories: safety related issues (skid resistance/friction, splash and spray, visibility of the road and markings, and tire grip qualities); economic considerations; and user and residents' comfort as related to noise and vibration inside and outside the vehicles [89] . Friction between the tire and pavement surface plays a critical role in enhancing the road safety. Generally, the skid resistance index is used in describing the level of frictional force of the pavement surface. Therefore, it is necessary to understand the influence of skid resistance on the generation of traffic noise. Common hypothesis suggests that the skid resistance of a pavement surface increases with increasing surface texture, which in turn increases tire-pavement interaction noise. However, Ahammed and Tighe [90] reported that some texture (skid resistance) is required for lower noise. Therefore, the relationship between friction and tire-pavement interaction noise is not straightforward.
Franklin et al. [91] conducted a pass-by noise and skid resistance test on 34 surfaces in the UK. Various surface types (brushed and grooved PCC, rolled AC and surface dressing) were included in this study. Test data showed that pavement noise is a function of both texture depth and surface types. Researchers also observed that correlation between skid resistance of pavement and speed of the vehicle is dependent on surface type. For some surface types, skid resistance increases with any increase of vehicle speed while decreases for others. Therefore, the correlation between pavement friction and noise is not consistent because it is a well-established correlation that noise increases with increasing vehicle speed irrespective of surface types. Jaeckel et al. [92] also performed a number of tests on both PCC and HMA surfaces and observed no conclusive relationship between noise level and skid resistance. Wielen [93] performed both tire-pavement interaction noise and skid resistance tests on 25 PCC pavement surfaces in South Africa. A pass-by method was used for noise testing. They observed that noise increases with increasing skid resistance value for small passenger cars. However, for trucks, no correlation exists between surface noise and skid resistance.
Schlaefer and LaForce [94] measured both pavement noise and skid resistance of four pavements in Colorado. For noise testing, a pass-by method was used, and test pavement sections included three PCC surfaces (longitudinal tinned, transverse tinned and deep ground PCC) and one HMA surface. Test results showed that the HMA surface is the quietest among the four surfaces and also had the highest skid resistance value. This was contrary to an early study conducted by Kuemmel et al. [95] . In this study, both noise and skid resistance tests were performed on 57 pavement surfaces (both PCC and HMA) in six states in the USA. Both roadside and in-vehicle noise tests were conducted for this study. The study indicated that the HMA surface is the quietest and transverse tinned PCC was loudest among all the surfaces, while skid resistance data showed that the PCC surface had higher skid resistance compared to the HMA surface.
A number of recent studies [51, [96] [97] [98] have shown that there is a correlation between pavement noise and skid resistance. In general, the trend showed that tire-pavement noise and skid resistance value is negatively correlated, i.e., increased safety is associated with an increased (undesirable) noise. The conflicting research outcome reported in literature is probably due to the fact that friction is related to surface texture. As discussed in the aforementioned surface texture section, surface texture may have positive or negative effect on the generation of noise depending on the frequency of noise.
Noise Prediction Models
One of the main objectives of highway noise research is to develop a consistent, accurate model so that transport authorities are able to predict highway traffic noise. In addition to predicting highway traffic noise, there are also models for predicting tire-pavement noise. Therefore, a number of noise prediction models have been proposed by various researchers throughout the world. For proper understanding of a noise prediction model, it is essential to know how the input parameters are measured and how changes in pavement design parameters can affect the input data for noise prediction models [25] . In this section, some of the well-known noise prediction models found in the literature are discussed in detail.
An early model developed by Kugler et al. [99] correlates traffic parameters (traffic volume, vehicle speeds and types), sound propagation parameters (distance between source and observer) and road abatement parameters in order to predict sound pressure levels in the vicinity of the highway.
Although this model did not consider pavement surface characteristics, the difference between actual and predicted value was found to be within˘2 dBA. Wayson et al. [100] proposed the Community Noise Model (CNM), which is similar to the Kugler et al. [99] model. In this model, the input data are: traffic volume, vehicle speed and type, surface type, ground effects and barrier attenuation. Though the model showed good correlation between measured versus predicted results, it did not consider surface characteristics. Pavement characteristic is one of the main contributors in highway-generated noises, and therefore research continues to incorporate it in noise prediction models.
Nordic countries (Sweden, Denmark, Norway, Finland and Iceland) introduced a common model in the 1970s for prediction of traffic noise. This Nordic Model underwent several modifications and was commonly adopted as TemaNord at 1996 for all the Nordic countries [101] . This method gave accurate noise predictions compared to other methods. The main reason is that it included detailed road surface corrections. The addition of road surface corrections encourages the construction of surfaces that give lower traffic noise. However, this model does not give separate surface effects for cars and trucks directly but provides surface effects for mixed traffic. The reference surface was based only on an HMA surface. The latest version of the Nordic model is called Nord2000 [102] . In this model, surface corrections for road categories are also included.
A number of researchers [103, 104] presented an empirical relationship between texture level and noise level for asphalt pavement surfaces. However, modeling was limited to only asphalt surfaces. Rasmussen [105] developed a statistical model based on the effect of pavement texture. In this model, the input data for a 3D texture profile were captured by the RoboTex line laser profiler while noise measurement was performed by using the OBSI method. For each type of pavement texture, a number of sections were included in the analysis. A standard error of 0.6 dBA was reported without presenting specific number of pavements used and the range of their OBSI levels. A similar statistical model was developed by Fujikawa et al. [106] in which a laser profiler is used to measure surface profiles. Nonetheless, this model predicts mean square acoustic pressure instead of decibel sound pressure or intensity as used by the Rasmussen [105] model. Input data for this model were collected from nine pavement sections which include six dense-graded asphalt pavements, two open-graded asphalt pavements and one polished surface. The difference between measured and predicted noise values was observed within 2 dBA for all frequency bands.
Reyes and Harvey [107] employed a different approach for developing a model in which the input parameters are given from laboratory pavement core samples and not from field test sections. The input parameters are mean profile depth (MPD) and airflow resistivity. Both these parameters were collected from laboratory core samples. Since the input parameters were collected from the laboratory controlled environment, they are less influenced by environmental conditions. A total of 16 different cores, which included open graded and gap graded asphalt pavements, were used for statistical input parameters. This model is one of the very few models where prediction of one-third octave band frequency data can be done. Although no standard error was provided for predicted noise, but it presented a low coefficient of determination which generally has a high influence on overall OBSI levels.
A number of researchers [108] [109] [110] [111] [112] [113] [114] attempted finite element and boundary element modelling methods to predict tire-pavement noise. Of them, Roo et al. [112] developed the Tyre-Road Interaction Acoustic Simulation (TRIAS) model, which is a purely physical model to predict tire vibration and noise emission. The various parts of this model were validated by number of later studies [110] [111] [112] [113] [114] . There are two sub-models under this model. One is the Road Design Acoustic Simulation (RODAS) model, which generates the physical road surface characteristics (texture, porosity and sound absorption) from the material composition (aggregate size, binder content and layer thickness). The other sub-model is known as TYDAS (TYre Design Acoustic Simulation), which simulate model inputs from known tire parameters. This model is validated in both porous and dense surfaces and ISO test tracks by pass-by noise measurement methods. The predicted value was within 2 dBA and 5 dBA for dense and porous surfaces, respectively. The U.S. Department of Transportation FHWA developed the Traffic Noise Model (TNM) to predict noise levels in the vicinity of highways [115] [116] [117] . TNM is extremely important in the USA because it is required to determine whether noise barriers are needed in Federal funded projects [32] . This model includes three very general pavement categories, but an average pavement is required for noise impact predictions. For TNM v1.0, Burge et al. [118] compared field results of longitudinally ground and transversely tined concrete pavements. They reported that similar relationships exist for both types of pavements using measured and theoretical values. As this tool continues to evolve, validation would be highly desirable. Prior to release of TNM v2.5, a TNM validation study showed an average over-prediction of sound levels for a variety of pavement types. TNM v2.5 addressed the over-prediction issue, and a validation study showed good agreement on average between measured and predicted data [78] . The study directly compared predicted sound levels to measured sound levels for both calibrated and uncalibrated data (where site bias has not been removed). For calibration, a reference microphone was located at a distance of 15 m from the center line of near travel lane and 1.5 m above the roadway elevation for open area whereas for barrier sites, a microphone was placed at 1.5 m above the top of the barrier or off to the side of the barrier 1.5 m above the roadway section. Result showed TNM v2.5 performed extremely well for both calibrated and uncalibrated data due to improvements applied to the implementation of emission level. However, there is some site bias such as pavement type that can affect the prediction of sound level [119] . More recently, U.S. Department of Transportation/Volpe National Transportation Systems Center [57] conducted a pavement effect implement (PEI) study under FHWA sponsorship to incorporate a broad range of pavement effects in the TNM model. FHWA TNM v2.5 was modified for research purposes to incorporate pavement effects. In FHWA TNM v2.5, two sound sources are used to describe vehicle noise each vehicle type, with the lower-height source representing tire-pavement interaction noise. In this special version of FHWA TNM v2.5, the lower source is isolated and adjustments due to pavement effects have been applied in the calculations for each one-third-octave band. Researchers compared the measured and predicted noise level for three surfaces, which include open graded rubberized asphalt, longitudinal tinned PCC and transverse tinned PCC. Results show that pavement-adjusted spectral shapes match more closely to measured spectra which indicated pavement effects can be incorporated in the FHWA TNM model by using an OBSI adjustment to the tire-pavement sub-source. However, there are some limitations of this modified TNM version as it is validated only for one type of car test tire therefore it is not fully representative for all vehicles and tire types of road. TNM version 3.0 is currently under development; this version will include only the three original pavement categories, and again the average pavement is required for impact predictions. A research version that allows for pavement adjustments will not be available with the release.
Izevbekhai [55] provided a robust model where OBSI noise can be predicted based on pavement surface parameters, pavement ride comfort, and climatic factors. The model is validated with OBSI data. This model was also applied for quieter pavement design in two rehabilitation projects. The measured OBSI values were observed to be within 1 dBA of predicted values. In this model, International Roughness Index (IRI) is used to predict OBSI data. Test data showed that OBSI increased with increasing IRI value. This model showed that variations of IRI due to seasonal variations may have a trivial effect on the ride quality measurement, but it has significant influence on the generation of pavement noise. This model also showed that mean profile depth (MPD) may not have significant correlation to OBSI data as opposed to previously established correlation between MPD and OBSI. This model also included texture asperity interval in order to predict tire-pavement noise. Predicted and measured noise data showed that OBSI values decrease with increasing texture asperity interval. However, this model is validated only using a limited amount of data. In fact, data used for this model validation are measured on MnROAD test sections only.
Recently, Dare et al. [25] suggested the use of a mechanism decomposition approach for prediction of tire-pavement noise on asphalt pavements. In this approach, noises from different mechanisms at certain frequencies are modeled separately and then combined to form a total noise spectrum. This is particularly important for pavement noise as there are a number of parameters that affect the noise. In this study, two nonlinear statistical models were developed, which were used for prediction of one-third octave bands and overall sound intensity levels on asphalt-surface pavements. The effects of most of the important pavement parameters (i.e., pavement macrotexture, air temperature, modulus of the pavement surface layer) in generation of noise are incorporated in this model. The input data for the model are collected from 25 asphalt road test sections, which include different mixtures and materials at various locations of Minnesota Department of Transportation. The model predicted the overall OBSI (sound intensity) level to within 1.5 dBA and the one-third octave bands to within 2 dBA for most of the pavements tested. The other advantageous feature of this model is that it is configured in such a way that any future addition/refinement can be made, if required.
Future Research Direction
A literature survey showed that considerable progress has made in several aspects of mitigating tire-pavement interaction noise. However, some areas of designing quieter pavement are not still properly addressed. Some of the debatable issues are discussed below:
1.
Various factors affected the tire-pavement noise as reported in literature. Of them, temperature plays an important role in generating tire-pavement noise. The literature survey showed that the highest air temperature used in previous studies is limited to 95˝F [17] . Donavan and Lodico [120] conducted a study on precision and bias of OBSI testing (which is the basis of current AASHTO standard) and restricted temperature for noise testing within 20 to 100˝F. However, in some regions especially in the Middle East, temperature often exceeds 100˝F during summer time. Therefore, a comprehensive testing program incorporating a wide range of temperatures is needed to evaluate the temperature effect on tire-pavement noise.
2.
Porous pavement is widely accepted as a low noise surface. However, researchers hypothesize that the voids of this surface fill with dirt over time, which in turn increases noise. This is particularly important in the Middle East region, where large amounts of dirt are present in atmosphere. Therefore, a systematic laboratory experimental program is needed to evaluate the clogging effect on the noise properties of the mixtures.
3.
The literature survey also suggests that there is a potential correlation between acoustic absorption properties measured in the laboratory and tire-pavement noise measured in the field. Some research studies have been performed to validate this relationship but observed conflicting trends. Therefore, a comprehensive evaluation of the relationship between acoustic absorption characteristics and tire-pavement interaction noise has to be conducted, which will assist engineers to optimize the design and material selection of roadway construction in order to provide a low level of road noise.
4.
Surface friction of a pavement is a key safety issue. In general, tire-pavement noise and pavement surface friction appears to be inversely related. Therefore, more research is needed in order to optimize these two conflicting pavement properties.
5.
Traditionally, noise prediction models have been developed by using a reference pavement (either a national average or standard pavement type) in order to predict noise impacts and determine abatement measures. Recent research showed the contribution of pavement effects on noise prediction can be incorporated in noise models. For the FHWA TNM, further work is needed to incorporate a broad range of pavements into the model.
Conclusions
Literature surveys showed that tire-pavement noise is influenced by a number of factors. Some factors influence noise generation individually while some combined with others in generating and enhancing tire-pavement noise. Of them, pavement surface types play an important role in generation of tire-pavement noise. Generally, HMA surfaces produce less noise compared to PCC surfaces. OGFC surfaces are the quietest among HMA surface types. While transverse tinned is the loudest and diamond grooving is the quietest surface within PCC surface types. It is evident from the literature review that acoustical performance of pavement diminishes with aging especially for porous HMA surfaces. Therefore, long term monitoring is needed to build quieter pavement that will maintain noise benefits over time. It is recognized in the literature that tire-pavement noise can be correlated to the pavement's material characteristics. However, limited number of research focuses in this area. Hence a systematic research program is required to gain better understanding of long term noise behavior of pavements.
Developing a traffic noise prediction model has paramount importance in order to design quieter pavements. However, as observed in the literature, various researchers adopted different approaches for predicting tire-pavement noise and traffic noise. This is further evidence of the associated complexities of prediction of tire-pavement noise. Even though researchers presented mathematical models that fit their particular data, there is a clear need of developing a more general and theoretically sound noise prediction model. This calls for more intensive research into this area in the coming years for the design of sustainable quieter pavements.
